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Abstract
This article describes calculations and measurements of space charge effects due to
high rate irradiation in high resolution drift tubes. Two main items are studied: the
reduction of the gas gain and changes of the drift time. Whereas the gain reduction
is similar for all gases and unavoidable, the drift time changes depend on the kind
of gas that is used. The loss in resolution due to high particle rate can be minimized
with a suitable gas. This behaviour is calculable, allowing predictions for new gas
mixtures.
1 Introduction
The influence of space charges in pro-
portional counters has been studied
theoretically and experimentally and
is described in various articles [1,2].
There, the main emphasis was put
on the drop of the gas gain which is
important for measuring charges.
For drift chambers in which no charge
measurement is foreseen, the gain
drop is of secondary importance and
the drift time is the relevant infor-
mation. Variations in the drift time
due to a disturbed electric field lead
to a loss in the spatial resolution.
This work was done in the context of
the development of the Atlas muon
spectrometer where high background
rates coming from neutrons and
photons are expected. The detector
should still work at background rates
of 500Hz/cm2 (5 times the expected
background)[3] – with a spatial res-
olution for a single tube better than
100µm.
The Atlas muon spectrometer will
be built from 3 cm diameter drift
tubes with a 50µm wire in the mid-
dle. The gas pressure is raised to
3 bars absolute in order to reach the
desired spatial resolution at the nom-
inal gas gain of 2 · 104. If not stated
otherwise, all the measurements and
calculations described here refer to
these operating conditions.
Important criteria for the choice of
the gases are given by the need of
a non-flammable gas with a maxi-
mum drift time well below 1µs. Up
to an accumulated charge deposition
of 0.6C per cm wire, ageing effects
should be excluded.
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The outline of this article is as fol-
lows: in section 2 a calculation of
the space charge effects is shown,
section 3 gives a description of the
experimental setup in the test beam.
Section 4 shows how the data read-
out and analysis was done. Section 5
gives results of the gas gain reduc-
tion, followed by the treatment of
the changes in the drift time in sec-
tion 6. The event-to-event fluctua-
tions which are responsible for the
irreducible loss of the spatial resolu-
tion are described in section 7.
2 Calculation of Field Distur-
bances
The electric field inside a drift tube
with radius b and wire radius a held
at potential V is given by:
E(r) =
V
ln b
a
·
1
r
(1)
This formula is only correct if one
can neglect the positive ions that are
produced in the avalanche processes.
They drift towards the cathode and
disturb the electric field. They screen
the positive potential at the wire and
lead to a reduction of the electric field
near the wire. Thus one expects a
lower gas gain. Since the total voltage
between wire and tube is kept con-
stant, the electric field at large radii
is increased if the field near the wire
is decreased. One expects a change in
the drift time because the drift veloc-
ity for electrons depends on the elec-
tric field.
The density of the space charges com-
ing from positive ions can be calcu-
lated assuming a homogeneous irra-
diation within one tube, thus neglect-
ing all effects of event-to-event fluc-
tuations. These fluctuations will not
change the mean value of the charge
density but affect the resolution as
will be shown in the last section.
The drift velocity w of the positive
ions is proportional to the reduced
electric field
w = µ ·
E
p
, (2)
where p is the gas pressure, µ the mo-
bility of the gas and the electric field
is given by (1). The maximum ion
drift time t+ (which is the drift time
for almost all ions because nearly all
of them are produced at the wire) is
obtained by integrating (2),
t+ =
b2p ln b
a
2µV
. (3)
Note that for the calculation of the
above formula the electric field (1)
of the undisturbed tube is used.
For high rates, the electric field will
change and the maximum ion drift
time has to be corrected, as will be
shown below.
From [1] 1 one can see that the den-
sity of the ions ρ is independent of
the radial distance r from the tube
centre in case of a cylindric tube
geometry for a homogeneous irradi-
ation. Since w ∝ 1/r the density of
the ions is:
ρ(r) = ρ = np · g · t+
1
pib2
·
R
L
(4)
1 the results shown there are in error
by a factor of pi
2
with np = the number of primary ion
pairs (the number of pairs before gas
amplification), g is the gas amplifi-
cation factor and R/L is the particle
rate per wire length. The potential
Φ(r) can now be calculated with Pois-
son’s equation
△Φ = −
ρe
ε0
(mksa units) (5)
and the boundary conditions Φ(a) = V
and Φ(b) = 0.
Φ(r) =
V ln br
ln ba
+
ρe
4ε0
×
[(
b2 − r2
)
−
(
b2 − a2
)
ln br
ln ba
]
(6)
Thus
E(r) =−∇Φ(r) (7)
=
V
ln ba
·
1
r
+
ρe
4ε0
[
2r −
b2 − a2
ln ba
·
1
r
]
This formula has to be taken instead
of (1).
Figure 1 (top) shows an example of
the electric field inside a tube with
and without the addition of space
charges coming from a muon rate of
3000 Hz/cm2. A 3 cm diameter tube
with a 50µm diameter wire is oper-
ated at a gain of 2 · 104 at a pressure
of 3 bar with the gas Ar-CH4-N2 91-
5-4%. One can see that the field for
drifting electrons is changed. The dif-
ference plot (bottom) shows clearly
that the field is reduced in the re-
gion near the wire, but increased for
radial distance> 4mm. As the drift
velocity depends on the electric field,
the time to drift a certain distance
will be different: the r-t relation
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Fig. 1. Comparison of the electric field
inside a tube with and without space
charges. Top: electric fields, bottom: dif-
ference of the electric fields. The field
near the wire which is relevant for the
gas amplification is decreased whereas
the field for the drifting electrons is in-
creased for r > 0.4 cm.
changes with rate. The magnitude of
this effect depends on the variation
of the drift velocity with E, which is
strongly dependent on the gas.
For calculations of the gas gain, only
the field near the wire has to be
known. In this case, the above for-
mula can be simplified to
E(r)=
V − δV
ln b
a
·
1
r
(8)
(a ≤ r ≪ b) and
δV =
ρeb2
4ε0
= np g t+
e
4piε0
R
L
.(9)
The electric field in the avalanche
region behaves as if the effective volt-
age at the wire was V − δV .
Taking now a model for the gas am-
plification where the gas gain is a
function of the applied voltage, one
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Fig. 2. Change of the maximum ion drift
time with rate. Calculation using (11).
should be able to describe the depen-
dence of the gas gain reduction as a
function of the rate. We will use the
Diethorn formula [4]
g = exp
[
V ln 2
∆V ln ba
· ln
V
K pp0a ln
b
a
]
.(10)
The Diethorn model has two para-
meters ∆V and K which are char-
acteristic for every gas mixture. ∆V
is the potential difference an electron
passes between two successive ionisa-
tions and K is the critical value of
E/p where ionisation starts. p/p0 is
the ratio of the actual pressure p to
the reference pressure p0 where Kwas
determined.
For calculating the actual gas gain at
rate R/L, one now has to replace V
by V − δV in (10) where δV is given
by (9). δV depends on the gain and
vice versa. The two equations have
been solved in an iterative way to get
a self consistent gain for every rate.
One more correction has to be made
for high rates: it was ignored in (3)
that the ion drift time t+ depends on
the rate. For a better approximation
of t+ in (9), one can insert into (2)
the electric field (7) which leads to
the formula
t+ =
pε0
µρe
· ln
[
1 +
ρeb2 ln ba
2ε0 (V − δV )
]
.(11)
In the limit of rate→ 0, this is iden-
tical to (3). The change of t+ with
rate is plotted in fig.2 for the gas Ar-
CH4-N2 91-5-4 %.
3 Experimental Setup
To measure effects of high rates, a
specially designed chamber was built
for operation in the M2 muon beam
at CERN. The task of this setup was
to see only effects coming from space
charges and to avoid measuring elec-
tronic effects such as saturation of
preamplifiers, baseline shifts etc. A
schematic drawing and a photo are
shown in figs. 3 and 4, respectively.
The chamber consists of 24 drift
tubes: two bundles of eight tubes
with 3 cm diameter, two tubes with
2 cm and two tubes with 4 cm diam-
eter. The tubes are glued together
precisely, and the two bundles are
staggered to improve track fitting.
For measuring the second coordi-
nate, four tubes are placed perpen-
µm 150 
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diameter = 150 µ
sensitive zone 
m50 m wireµ
dead  zone 
diameter = 
Fig. 3. Top: schematic drawing of the
chamber, view from top. Bottom: setup
of a single tube. The wire is silver coated
to avoid gas amplification except for
4 cm in the middle part.
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Fig. 4. Photo of the apparatus in the 190GeV muon beam at CERN. One can
see two bundles of 8 tubes with 3 cm diameter, two tubes with 2 cm and two tubes
with 4 cm diameter. In order to measure the second coordinate, there are two tubes
perpendicular to the others at each side of the chamber. The trigger is very small,
covering only an area of 1 × 6 cm2 in the sensitive zone of the tubes.
dicular to the others. All tubes are
30 cm long, but the active length is
only 4 cm in the middle part of the
tubes for the precision coordinate
and 10 cm for the second coordinate
(fig. 3 bottom). In order to passivate
the rest of the tube, the wires have
been coated galvanically with silver
to increase the wire diameter from
50µm to 150µm in order to avoid gas
amplification. The trigger is made
of a coincidence of four scintillation
counters which cover an area of 1 cm
(along the wires) × 6 cm (= two
tubes in height) and are placed in
the middle of the active part of the
tubes.
The whole setup can be moved hor-
izontally by a stepper motor within
a range of 1m from the centre of
the muon beam. By moving the ap-
paratus with respect to the beam
one can adjust the trigger rate
from 10Hz/cm2 up to more than
10 kHz/cm2.
4 Data Readout and Analysis
Whereas in Atlas the tubes will be
read out with TDCs, here the full
analog pulse information was read
out with 250 MHz flash ADCs [5].
This is necessary for measuring pulse
height reductions and to be indepen-
dent of a fixed discriminator thresh-
old.
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Fig. 6. Event display of a muon traversing the chamber. The upper part shows the
second coordinate tubes. A circle inside a tube indicates the reconstructed drift
distance if a pulse was found. The empty tubes have not been read out.
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Fig. 5. Time differences between
two hits in a tube. Fitted to
the data is an exponential function
f(t) = exp (p1 + p2t).
An important property of the data
acquisition was the ability to record
at least 8 successive tracks without
dead time. This is necessary for the
calculation of time distances between
consecutive hits from which the par-
ticle rate is calculated. It is also used
to observe effects coming from event-
to-event fluctuations where the ”his-
tory” of the tube has to be known.
Thus it can be studied how previous
hits influence the properties of the
detector for the following hits.
In order to achieve this readout with-
out dead time, a trigger logic has
been set up that does not need any
readout cycle between the first and
eighth event trigger. The memory
depth of the flash ADC is 2048 bytes
per channel corresponding to 8192
ns in time which is large enough
to store the waveforms of 8 pulses.
The digitization of the flash ADCs
is started for each new muon trigger
and stopped after 1µs.
The time differences between con-
secutive triggers were measured with
a setup of slow TDCs (5 MHz clock)
covering a time range of ≈ 20 ms.
With this information it is possible
to compute for every tube the time
differences to the last hit. The distri-
bution of these times is exponential
(fig. 5). The mean value is 〈t〉 = −1
p2
,
in agreement with the number of
triggers per second counted with
6
a scaler. With this measurements
we know both, the time difference
between two consecutive hits and
(from the second coordinate mea-
surements) the spatial distance of
the muon tracks along the wire.
A typical size for the data that had
to be read out after every cycle (8
events) was 40 kB. The data were
processed by a VME processor op-
erated under OS 9 and stored on an
exabyte tape. To maximize the read-
out speed, all time critical routines
have been written in assembler code.
The maximum readout rate that
could be achieved (if the particle rate
was high enough) was ≈ 800 events
within one spill of the CERN SPS
accelerator (2.4 s beam followed by
a pause of 12 s) and was limited by
the speed of the tape drive. The time
needed to take a high statistics run
(800.000 triggers) at highest rates
was 4 hours.
A slow control system was installed
to monitor the relevant parameters
such as temperature, gas flow, gas
mixture, pressure and the high volt-
ages of the tubes.
The measurement of drift times with
this kind of flash ADC needs a special
setup. The time difference between
incoming start signal and start of the
digitization can vary randomly be-
tween 0 and 12 ns. In order to get a
precise time marker, the trigger sig-
nal starting the readout was delayed
by 800 ns and fed into the test input
of the preamplifiers FBPANIK-04 [6].
Thus, every drift chamber pulse was
followed by a reference pulse coming
always with the same delay with re-
spect to the muon trigger. The time
difference between the pulse and the
reference pulse is the drift time plus
a constant offset t0.
The time bins of the flash ADCs
have a width of 4 ns. To get a bet-
ter time resolution of the pulse, the
DOS (difference of samples) method
was used which was developed for
the analysis of the flash ADC data
of the OPAL experiment[7,8]. This
method is numerically rather sim-
ple but very efficient in both finding
pulses and calculating the drift time
with an accuracy better than 1 ns.
First, the pulse shape is differenti-
ated by subtracting the pulse heights
of successive bins. Then pulses can
be found if the differentiated pulse
reaches a certain threshold. Finally
the drift time is calculated as the
weighted mean of the differentiated
pulse around the position of the max-
imum of the differentiated pulse.
An event display of a muon passing
the chamber is shown in fig. 6.
5 Gain Reductions
In order to measure the correct gain
drop that is only due to particle
rate one has to take care of several
effects that influence the measured
pulse height. First of all, only data
from the same tube are compared
to exclude systematic errors like de-
pendence on preamplifiers or slightly
different gas mixtures.
One important quantity is the tem-
perature of the gas. The pulse height
increases with temperature if the
pressure is kept constant (fig. 7).
The order of magnitude of this effect
is some percent per Kelvin. Since
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Fig. 7. Measurements of the gas gain for
Ar-C2H6-N2-CO2 92-3-2-3 %. For pre-
cise measurements of the gain it is nec-
essary to keep the temperature con-
stant. The solid lines show the Diethorn
fits to the data taken at 20oC and 28oC.
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Fig. 8. The pulse height depends on the
drift distance. This is due to the differ-
ent pulse shapes for pulses with short
and long drift distances. Measurement
with Ar-CH4-N2 91-5-4 % at 3 bar and
a gas gain of 2 · 104.
the data were taken in a non-air-
conditioned hall with temperature
variations of up to 5K within one
measurement, temperature correc-
tions of the pulse height had to be
done. Gas gain measurements at dif-
0
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Fig. 9. Histogram of the maximum pulse
heights of measured pulses. A Landau
function is fitted to this distribution
to determine the most probable pulse
height.
ferent temperatures have been done
with the setup described in [9] for
the gases that were tested in beam
measurements. Thus it was possible
to apply the correct temperature cor-
rections and to get the Diethorn pa-
rameters needed for the calculation.
However, the most important point
is to compare only pulses with equal
drift times for the primary electrons.
As can be seen in fig. 8, the measured
pulse height increases with drift time
(with distance from the wire). Pulses
with a short drift time have a lower
maximum and a longer tail com-
pared to those with long drift time
– although the primary ionisation is
lower due to the shorter track length
inside the tube. Therefore, a cut on
the drift time was applied to ensure
that only pulses with approximately
the same drift distance were com-
pared.
After these cuts, the maximum of
8
01
2
3
4
10
2
10
3
10
4
muon rate   /   Hz/cm2
ga
s 
ga
in
 / 
10
4
-    calculated/fitted
gas = Ar-C2H6-N2-CO2  92-3-2-3
0.6
0.8
1
10 2 10 3
 
re
la
tiv
e 
ch
ar
ge
0.6
0.8
1
0.6
0.8
1
muon  rate / Hz/cm2
Fig. 10. Left: Degradation of the gain with rate. Right: gain reduction vs rate for
2, 3 and 4 cm tubes. The relative charge 1 refers to the charge deposit for a muon
track in a 3 cm tube operated at a gas gain of 2 · 104. The markers show measured
data, the lines are calculations. The dashed line in the right plot is an extraplolation
from the measured data to rel. charge=1. All measurements were done with the gas
Ar-C2H6-N2-CO2 92-3-2-3 %.
each pulse was determined and his-
togramed. Because the muons are
minimum ionising particles, the dis-
tribution of the pulse heights follows
a Landau function [10] which was
fitted to the data. This is shown in
fig. 9. To describe the distribution
of the pulse heights, the most prob-
able pulse height (which is one pa-
rameter of the fit) was used and not
the mean value of the data sample
(which is bigger). In the following
pulse height means the most proba-
ble pulse height of the Landau fit.
Fig. 10 shows the behaviour of the
pulse height with increasing rate for
three different settings of the high
voltage, corresponding to gas gains
of 1.5 ·104, 2 ·104 and 4.5 ·104 at zero
rate.
The solid lines show a calculation of
the pulse height using the Diethorn
formula (10) to calculate the gain
drop. For the calculation of the elec-
tric field (7) and the actual gain,
several iterations of the calculation
of δV (9), the gas gain (10) and
the maximum ion drift time (11)
are necessary to obtain an accurate
value for the charge density ρ (4). To
compare measured pulse height and
calculated gain, one needs to know
the ion mobility which was fitted to
µ = 1.5 cm
2bar
V s
and found to be con-
sistent with the value of 1.53 cm
2bar
V s
for Ar+ in Ar from [11,12].
One can see that an initially high
gas gain drops rather fast with in-
creasing rate, going down to 30% of
its initial value at 10 kHz/cm2. For
nominal Atlas conditions with a
gas gain of 2·104 and photon rates
≤ 100Hz/cm2 (corresponding to a
muon rate of 200Hz/cm2) the be-
haviour is rather uncritical, the re-
duction is some 10%.
However, at very high rates, the
pulse height is rather independent of
the high voltage, the electric field is
reduced to the same limiting value.
9
The order of magnitude of the gain
drop with rate is approximately the
same for different gases, but the gain
drop is larger for gases with low
working point (low high voltage for
the same gas gain). In that case, the
ion drift time is longer and so the
space charge density is higher.
The same study was done for the
2 cm and 4 cm tubes. Because the
primary ionisation of a muon is pro-
portional to its path length inside
the tube, the signals of a 4 cm tube
are higher than those of 3 cm and
2 cm tubes if all are operated at the
same gas gain. In order to compare
the behaviour of the different tubes,
measurements at the same charge
per track (not at the same gas gain)
at zero rate were compared. For eas-
ier comparison, the charge for a 3 cm
tube at a gas gain of 2 · 104 is set to 1
in fig. 10. For the 4 cm tube, no mea-
surement was available for charge=1,
so a calculation is shown (dashed
line) together with a measurement
for lower charge. One can clearly see
that the gain drop is increasing for
bigger tubes at the same irradiation.
It is almost negligible for the 2 cm
tube, but even for the 4 cm one, the
gain drop is in the order of 20% at
a muon rate of 1 kHz/cm2 and the
nominal gas gain.
The gain reduction could be totally
compensated by increasing the high
voltage by δV (9) corresponding to
the actual rate – assuming that the
irradiation is homogeneous along the
tube.
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Fig. 11. Top: comparison of the drift
velocity for different gases. The typical
electric field inside a drift tube ranges
from 0.15 V/(cm torr) at the tube wall
of a 3 cm tube up to 1.8 V/(cm torr) at
1mm from the wire. Bottom: r-t rela-
tions for these gases. Gases with linear
r-t relation have a rather constant drift
velocity in the relevant region of E/p
compared to the other gases.
6 Changes in the Electron
Drift Time
The electric field for drifting elec-
trons is changed with rate according
to (7). Whereas the field changes are
more or less the same for different
gases at the same rate (at least if
they have to be operated at the same
high voltage), the effects to the elec-
tron drift times are different. The
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Fig. 12. Fit of the maximum electron
drift time. A Fermi function is fitted to
the end of the drift time distribution.
drift time is given by
t(r) =
r∫
a
dr′
v(E(r′))
. (12)
The change in drift time depends on
the slope of the drift velocity v(E)
with the electric field. A gas becomes
faster with rate if the slope is posi-
tive and slower if it is negative.
One can see here that in order to
keep the drift time changes small,
one has to look for gases with con-
stant drift velocity, so called linear
gases (linear because in this case, the
r-t relation is a straight line). Fig.
11 shows the drift velocities and the
corresponding r-t relations for the
three gases that have been studied in
this experiment: the linear gases Ar-
CH4-N2 91-5-4%, and Ar-C2H6-N2-
CO2 94-3-2-1% and the rather non-
linear Ar-C2H6-N2-CO2 92-3-2-3%.
For comparison, the very non-linear
gases Ar-CO2 80-20% and Ar-CO2
90-10% are added.
To study the effects of the modified
electric field, we look at the change
of the maximum electron drift times
at different irradiation rates.
The maximum drift time can be cal-
culated using (12) with r = radius
of the tube. To do this, one needs to
know the drift velocity v(r) of the gas
mixture. The Magboltz [15] pro-
gram was used to calculate the drift
velocity as a function of the reduced
electric field v(E
p
). Eq. (7) was taken
to calculate the correct electric field
E(r) and then the new r-t relation
was integrated using (12).
For using the equation (7) the same
numbers for the charge density (and
the ion mobility) were used as for
the calculation of the gain drop in
the previous section. The calculated
maximum drift time is shown as lines
in fig. 13, together with the measured
points.
The maximum electron drift time
of the measured data can be deter-
mined from the falling edge of the
distribution of the drift times. Be-
cause of diffusion and vanishing ion-
isation at the tube wall, the tail is
smeared. To get a precise and re-
producible number, a Fermi function
f(x) = p1
exp((x−p2)/p3)+1
+ p4 has been
fitted to the distribution ([13]). The
four parameters of the fit are the up-
per level (p1), the time at half height
(p2), the slope of the fall (p3), and an
offset (p4). Parameter p2 is taken as
the maximum drift time. The physi-
cal maximum drift time may be dif-
ferent from this value by a constant
offset. However, we are primarily in-
terested in changes of the maximum
drift time. An offset between mea-
surement and calculation was fitted
and compensated.
Three gases are shown in the left plot
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Fig. 13. Left: Comparison of measured change in the maximum electron drift time
and calculation for different gases (3 cm tubes) Right: Comparison of the change
of the maximum drift time versus rate for tubes of 2, 3 and 4 cm diameter. All
measurements in the right plot were done with the gas Ar-C2H6-N2-CO2 92-3-2-3 %.
of fig. 13 for a 3 cm tube: the linear
gas Ar-CH4-N2 91-5-4%, the non-
linear gas with the same maximum
drift time Ar-C2H6-N2-CO2 92-3-2-
3% and the linear gas Ar-C2H6-N2-
CO2 94-3-2-1%. For the first one,
the maximum drift time is stable up
to very high rates with a tendency
to increase with rate. The non-linear
one shows already differences of sev-
eral nanoseconds at rather low rates
(100 Hz/cm2). For comparing the
2 cm and the 4 cm tubes to our stan-
dard 3 cm one, fig. 13(right) shows
the change of the maximum drift
time with rate in each case.
The data points for the 3 cm tube
are the same as in the left plot for
the gas Ar-C2H6-N2-CO2 92-3-2-3%.
The solid lines show the calculation
done in the same way as for the left
plot. The datasets used to compute
the right plot are the same as those
for the right plot of fig.10.
As for the gain reduction, one can
see here that space charges become
more and more important if the tube
diameter is increased. The 2 cm tube
might be operated with a non-linear
gas if that was already considered
impracticable for a 3 cm tube. For
the 4 cm tube, the drift character-
istics are dramatically changed at
particle rates of 1 kHz/cm2 or more.
It is surely not advisable to use it for
high precision measurements at high
rates.
Surprisingly, both measurement and
calculation show that the gas with
the most linear r-t relation is not the
one that is most insensitive to rate.
The reason for this is the fact that
the operation point of Ar-C2H6-N2-
CO2 94-3-2-1% is much lower com-
pared to the others (2575V instead
of 3300V for Ar-CH4-N2 91-5-4%
and a 3 cm tube. This lower voltage
has two effects:
• the amount of space charge is pro-
portional to the inverse of the volt-
age. ρ ∝ t+ ∝
1
V
because of (4) and
(3).
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• the relative change of the electric
field is proportional to the inverse
square of the voltage
∆E
E
∝ 1
V 2
because of (7).
Both points show that an optimum
gas should have a high operational
voltage. The reason for the rather
low working point of this gas is the
use of C2H6 as quencher. By replac-
ing the Ethane with Methane, the
voltage for the same gas gain will
increase by 500V keeping the r-t re-
lation almost unchanged.
Fig. 14 shows the same calculation
as fig. 13 for low rates in a linear
scale. Additionally, calculations for
the gases Ar-CO2 80-20 % and 90-
10 % are shown for comparison with
non-linear gases.
Instead of comparing time shifts it
is more adequate to compare the re-
sulting shift in position. Fig. 14 bot-
tom shows this position shift (=the
difference between real an assumed
position of the particle) when using
the r-t relation suited for rate=0 at
the actual rate. This value is plot-
ted for the maximum drift radius
(1.5 cm) where for most gases this
shift has a maximum. It is much
smaller for smaller drift radii. The
reason for this is the slope of the
drift velocity with the electric field
(fig. 11). If it is zero, there is no shift
because the drift velocity stays con-
stant. If the slope is monotonous the
shift increases with drift radius. This
is the case for most gases. For the
gas Ar-CH4-N2 91-5-4%, the slope is
very low and the sign changes twice
in the relevant range of E/p so the
integrated effect is almost zero for
the maximum drift distance.
Calculating the rms of the values for
all radii at given rate leads to fig. 15.
This is a good measure for compar-
ing the rate behaviour of different
gases. Typical values are in the or-
der of 50-100µm for a muon rate
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150Hz/cm2 and 1200Hz/cm2.
of 1 kHz/cm2, but for linear gases
30µm can be reached which is almost
negligible compared to the intrinsic
resolution of 70µm of the tube.
The position shift does not neces-
sarily decrease the resolution of the
drift tube. If the rate is stable, one
can calculate an adapted r-t relation
where the position shift is compen-
sated. Such a r-t relation can be
calculated directly from the data
with the autocalibration method
[16]. Fig. 16 shows the difference be-
tween two r-t relations calculated
from data at rate=150Hz/cm2 and
rate=1200Hz/cm2.
7 Fluctuations
In this section we will show that the
resolution becomes worse at high
particle rates even if one uses the
r-t relation with the position shift
compensated. It will be shown that
the reason for the resolution loss
is the fluctuation of the times be-
tween two hits which was ignored up
to now where only the mean value
was taken into account. Fig. 5 shows
that the times between two hits are
distributed exponentially. The time
constant of the exponential function
is defined by the rate. That example
for rate ≈ 80Hz/cm2 also shows that
for roughly half of the events the last
hit was more than 4ms ago, which
is the time of the ion drift for a 3 cm
tube. In that case, all space charges
are gone and the tube behaves as
if the rate was zero. On the other
hand, we know that for a rate of
80Hz/cm2, the mean position shift
is not negligible for most gases. If the
time distance between two events is
much shorter than 4ms, one has to
take into account all hits within this
time window in order to get the cor-
rect r-t relation. This is impossible
for most applications.
With our setup, it is possible to see
the influence of previous hits. Fig. 17
shows how the maximum drift time
depends on the time since the last
event passed for the gas Ar-C2H6-
N2-CO2 92-3-2-3%. All tracks were
used that were within one cm along
the wire coordinate. A tighter cut
did not change the behaviour signifi-
cantly.
The second example (fig. 18) shows
the pulse height versus the distance
∆z along the wire to the previous
track. One can clearly see a decrease
of the pulse height in the immediate
vicinity (≤ 1mm) of the previous
track, but the effect is very small
(<2%).
For a better understanding of the
space charge fluctuations, a simula-
tion study was done and afterwards
compared to the measured data. In
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Fig. 18. Pulse height reduction ver-
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previous track (gas=Ar-C2H6-N2-CO2
92-3-2-3 %).
a first step, it was investigated, how
an ion cloud produced at the wire
evolves with time in three dimen-
sions. A typical charge cloud con-
sists of 107 ions (primary ion pairs
multiplied by gas gain). Ions were
generated near the wire with an ini-
tial radial coordinate distributed ex-
ponentially within 50µm from the
wire. The position of the coordinate
along the wire (z) was distributed
like a gaussian with σz = 0.2mm.
The same was true for the azimuthal
angular distribution with σφ = 60
o.
The ions were represented by 1000
points, each one carrying 1/1000 of
the total charge. The effective elec-
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Fig. 19. Sample of the distribution of
positive ions in the tube. One can see
five rings resulting from previous hits.
tric field (coming from the applied
voltage and the field of the point
charges) was calculated at each of
these points. Now, one can calcu-
late the drift velocity of the ions and
from this the new position after the
time dt. To describe the status of the
whole cloud at the time T after cre-
ation, the mean value and the rms
of the coordinates r, φ and z were
calculated.
In the simulation, the extension
of an ion cloud does not exceed
σz = 0.5mm) over the whole drift
path. But within a z range of 5mm,
field distortions cause changes in the
drift time of more than 1 ns for non-
linear gases (e.g. Ar-C2H6-N2-CO2
92-3-2-3%). On the contrary, for the
pulse height (or the gain) only the
electric field in the immediate vicin-
ity of the wire is relevant. The field
distortions coming from an ion cloud
that is some mm away are negligible
compared to the very high field near
the wire.
In a second step of the simulation,
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Fig. 20. Left: distribution of drift times
for radius=14.5mm for a particle rate
of 200Hz/cm2. Right: position shift be-
tween real position and the one cal-
culated with the r-t relation. Simula-
tion done for the gas Ar-C2H6-N2-CO2
92-3-2-3 %
the time distances Ti between two
hits were generated according to the
given rate. Ions were generated at
positions according to the results
of step one for all previous tracks
within the time of the ion drift. Fig
19 gives an example of the distribu-
tion of space charges coming from
different events. Now, electrons were
put at radii r=0.5mm ... r=14.5mm
(or the respective tube radius for the
2 and 4 cm tubes) and the drift in the
(static) field resulting of all relevant
space charges and the applied volt-
age was calculated. The time needed
to arrive at the wire was histogramed
for each radius.
Fig. 20 (left) shows the distribution
of these times for radius= 14.5mm.
The right plot shows the position
shift resulting from inserting the drift
times in the r-t relation (for rate=0)
and subtracting the real position
where the electron started. The big,
narrow peak belongs to tracks where
no charges were inside the tube be-
cause the last hit was longer than the
ion drift time ago. The distributions
become more and more gaussian for
higher rates.
From the histogram of the position
shifts, two parameters are extracted:
themean value which tells how wrong
the r-t relation is for the actual rate
and the rms which gives the contri-
bution to resolution decrease. This
number has to be added quadrati-
cally to the resolution of the drift
tube at zero rate to get the correct
value for the resolution at the inves-
tigated rate.
For comparison with the mea-
surements and the analytical calcu-
lation done in the previous section,
the mean position shifts for rate=0
... 1 kHz/cm2 have been calculated
(fig. 21, top). They agree within 5%
with the values shown in fig. 14 (bot-
tom) for the gas Ar-C2H6-N2-CO2
92-3-2-3%.
Fig. 21 bottom shows the corre-
sponding rms values of the position
shift histogram. This is the contri-
bution to the resolution loss coming
from fluctuations. The numbers are
non-negligible in the case of high
rates and for high precision drift
tubes like those of the muon spec-
trometer forAtlas. In that case, the
resolution of the tubes is dominated
by this effect for a non-linear gas.
Calculations of drift chamber prop-
erties can be done very precisely
using the Garfield [17] program.
It also gives reliable numbers for the
expected resolution (at zero rate). It
was used to compute the resolution
of the gases Ar-C2H6-N2-CO2 92-3-
2-3% and Ar-CH4-N2 91-5-4% with
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Fig. 21. Simulation of the mean position
shift (top) versus radius for different
particle rates. Bottom: the contribution
to resolution decrease of the tube. The
numbers are of the same magnitude for
rates up to some 100Hz/cm2, for higher
rates, the shift increases faster.
parameters discriminator threshold,
noise etc set as expected for Atlas
conditions. The result is shown in fig.
22 (open circles). On the contrary
to the results shown before, the gas
gain was doubled to 4 · 104 in order
to have the same amount of space
charges at the same rate as expected
for the photons of the Atlas back-
ground. Also the measured data that
will be shown below refer to muon
data with a gas gain of 4 · 104.
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Fig. 22. Resolution of the tube. Shown
are the curves coming from aGarfield
simulation, the simulated contribu-
tion coming from space charges and
the quadratical sum of both. Top:
gas=Ar-C2H6-N2-CO2 92-3-2-3 %, bot-
tom: gas = Ar-CH4-N2 91-5-4 %
The results of the resolution loss for
a rate of 500Hz/cm2 are shown as
squares. The total resolution (filled
circles) is then given as a quadrat-
ical sum of both contributions. For
the first gas, space charges play an
important part for radii > 8mm, be-
coming the dominant contribution.
For the second gas, the resolution is
not affected by space charges even
at very high rates. The different be-
haviour of the two gases is in agree-
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Fig. 23. Behaviour of 2 cm (top) and
4 cm tubes (bottom). The correspond-
ing plot for the 3 cm tube is fig. 22(top).
ment with the expectations: fig. 13
already showed that the drift time
is nearly uneffected due to space
charges for Ar-CH4-N2 91-5-4%. For
this linear gas, the drift velocity stays
constant with changing electric field
- in contrast to the non-linear gas.
An experimental proof of these simu-
lations is shown in figs. 24, 25. Tracks
have been fitted through the cham-
ber and the resolution of a single
tube was calculated for different con-
ditions. For the gas Ar-C2H6-N2-CO2
92-3-2-3%, one can see in both, mea-
surement and simulation a degrada-
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Fig. 24. Measured resolution for the gas
Ar-C2H6-N2-CO2 92-3-2-3 %. For the
top plot, all events were taken, for the
bottom one only those were selected,
where the previous hit was longer than
the ion drift time ago.
tion of the resolution for big radii in
the case of high rates. It is not visible
if one takes only low rate data or –
as in shown in fig. 24(bottom) – se-
lects from a high rate run only those
events where the previous track was
longer than the ion drift time ago
and all space charges are gone.
The degradation of the resolution
is also not visible for a linear gas
(fig. 25) where data were taken at the
same rate and no cut on the event
selection was applied.
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Fig. 25. Measured resolution for the gas
Ar-CH4-N2 91-5-4 % with no cut on the
history of the tube. Rate=450 Hz/cm2.
The measured resolution is slightly
worse (also for low rate) than the
simulation. This is due to the higher
noise and a higher threshold for
identification of the pulses needed
for our flash ADCs. The simulation
shown refers to TDC measurements
as foreseen for Atlas. Increasing
the relevant parameters brings the
simulation in accordance with our
measurements.
Finally, the expected resolution of
2, 3, and 4 cm tubes shall be com-
pared using a non-linear gas (for a
linear one, the differences are mostly
negligible in all cases). The 3 cm re-
sults are shown in fig. 22, the others
in fig. 23. The 2 cm tube is nearly
unaffected by the high irradiation, a
resolution loss occurs only in the last
2mm. On the contrary, for a 4 cm
tube the resolution is dominated by
the space charge contribution and
the mean spatial resolution becomes
much worse than 100µm.
8 Conclusion
Gain reduction and changes of drift
times have been measured as a func-
tion of the rate. For the gases that
have been tested, a good agreement
between measurements and calcula-
tion was found. Predictions of the
high rate behaviour for new gases
can be made without performing
measurements.
The gas gain reduction due to space
charges is similar for most gases and
unavoidable. For a constant rate it
could be compensated by increasing
the high voltage.
The electric field for drifting elec-
trons is increased because of space
charges for radii larger than 4mm (in
a 3 cm tube). For linear gases (like
Ar-CH4-N2 91-5-4%) this may have
almost no effect on the r-t relation
even at very high rates. For non-
linear ones there are already big ef-
fects at rates of 100Hz/cm2.Whereas
the r-t relation can be adapted for
a given irradiation rate, it is (for
practical applications) impossible to
correct for the field fluctuations re-
sulting from the random distribution
of the times between two hits. This
gives a contribution to the total res-
olution of the drift tube which for
non-linear gases becomes the domi-
nant limitation of the spatial resolu-
tion at large distances from the wire.
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